A central question in the field of attention is whether visual processing is a strictly limited resource, which must be allocated by selective attention. If this were the case, attentional enhancement of one stimulus should invariably lead to suppression of unattended distracter stimuli. Here we examine voluntary cued shifts of featureselective attention to either one of two superimposed red or blue random dot kinematograms (RDKs) to test whether such a reciprocal relationship between enhancement of an attended and suppression of an unattended stimulus can be observed. The steady-state visual evoked potential (SSVEP), an oscillatory brain response elicited by the flickering RDKs, was measured in human EEG. Supporting limited resources, we observed both an enhancement of the attended and a suppression of the unattended RDK, but this observed reciprocity did not occur concurrently: enhancement of the attended RDK started at 220 ms after cue onset and preceded suppression of the unattended RDK by about 130 ms. Furthermore, we found that behavior was significantly correlated with the SSVEP time course of a measure of selectivity (attended minus unattended) but not with a measure of total activity (attended plus unattended). The significant deviations from a temporally synchronized reciprocity between enhancement and suppression suggest that the enhancement of the attended stimulus may cause the suppression of the unattended stimulus in the present experiment.
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human EEG | neural mechanisms of shifting | steady-state visual evoked potentials | feature-based attention | random dot kinematogram S hifting and focusing attention on a certain location, object, or feature is a key element in the extraction of sensory information to allow for adaptive behavior. The distribution of attentional resources and the underlying temporal neural mechanisms of attentional shifting are still not well understood. Some previous studies have measured event-related potentials (ERPs) during the cue-target interval (1) (2) (3) (4) (5) . This approach, however, allows one to investigate only the neural mechanisms of cue processing and target expectation and, thus, the activity of a cortical control network (1) ; it cannot provide information on the temporal dynamics of neural facilitation and/or suppression in early visual processing areas that are involved in the processing of the new to-be-attended visual stimulus. Knowledge of these dynamics in early visual processing areas seems pivotal for understanding the effect of top-down control mechanisms in attentional shifts because behavioral performance is closely linked to the modulation of the cortical evoked activity representing the newly attended stimulus (6) . If visual processing were a strictly limited resource, which is distributed by selective attention, enhancement of an attended stimulus should be accompanied by an equal suppression of the unattended stimulus. However, in previous studies, we showed that shifting attention to either one of two lateral flickering stimuli was purely facilitatory, with no significant suppression of the unattended-location stimulus in the opposite visual field (6, 7) . Although this result is surprising in that it suggests that attention makes available additional processing resources rather than influences the distribution of a limited resource, other authors (cf 8) have suggested that attentional resources might not be shared across visual hemifields. Accordingly, we did find suppressive stimulus interactions in a different study when stimuli within the same hemifield were less than 4°of visual angle apart (9) . This result is in line with findings that mutual suppression between multiple stimuli is largest when these fall into the same receptive fields (10, 11). As it is evident from these previous studies that suppressive stimulus interactions are influenced strongly by the relative spatial positions of stimuli, here we examined if attentional modulation is still mainly facilitatory even when attended and unattended stimuli occupy the same spatial location.
We presented two completely overlapping random dot kinematograms (RDKs) of different color (red or blue) to estimate the speed and the neural dynamics in the visual cortex during shifts of feature-selective attention to either the red or the blue RDK following a centrally presented color cue (see Fig. 1A ). Participants monitored the RDK of the cued color to detect brief intervals of coherent motion (targets) while ignoring equivalent distracters in the unattended RDK. Both RDKs flickered at different rates, thereby eliciting distinguishable steady-state visual evoked potentials (SSVEPs). The SSVEP is an ongoing oscillatory response elicited by a flickering stimulus that indexes neural activity related to stimulus processing continuously. It has the same temporal frequency as the driving stimulus and, importantly, its amplitude is enhanced by both spatial (12, 13) and feature-selective (14) (15) (16) (17) attention. This allows us to concurrently measure the allocation of processing resources to both the attended and the unattended stimulus. Hence, if visual processing at a shared spatial location is a strictly limited resource, any enhancement of SSVEP amplitudes of the attended stimulus should be accompanied by a mirrored suppression of the unattended stimulus; i.e., the sum of both signals should remain constant.
Results
Participants were able to discriminate targets from distracters as indicated by an average observer sensitivity d′ of 1.83 ± 0.17. Reaction times to targets as a function of the cue-target interval became rapidly faster (see Fig. 2A ) until the third time bin (287-429 ms). Paired t tests between successive time bins were significant from the first (0-143 ms) to the second (144-286 ms) time bin (P < 10 ) and from the second to the third time bin (P < 0.005). None of the comparisons between later time bins were significant. SSVEP amplitudes averaged across attentional conditions showed a narrow peak at occipital electrodes for both RDKs (Fig. 1C) . A cluster of three occipital electrodes with the highest average amplitudes was chosen for further analysis. The grand-average SSVEP amplitudes for this cluster showed amplitude augmentation when the respective RDK was attended (Fig. 1B) . SSVEP amplitude time courses for the to-be-attended RDK exhibited a long-lasting amplitude facilitation and for the to-be-ignored RDK an amplitude suppression that started later but lasted throughout the stimulation period (Fig. 2B) . The first time point having a significant amplitude increase for the attended stimulus was at 223 ms, and this enhancement lasted until 1,059 ms after cue onset (all P < 0.05). For the to-be-ignored stimulus, the first significant time point with amplitude reduction was about 130 ms later at 356 ms after cue onset, and this reduction remained significant until the end of the analyzed time range (all P < 0.05).
To directly test if the differences in enhancement and suppression were significant, we calculated two measures from the observed time courses of SSVEP amplitudes. We termed these selectivity (attended − unattended) and total activity (attended + unattended). The time courses of both measures showed significant changes over time (Fig. 2C ). Selectivity became significantly larger than zero from 242 ms postcue until the end of the analyzed time range (all P < 0.05). Total activity showed a significant increase from 266 to 520 ms postcue and a significant reduction from 785 ms postcue until the end of the analyzed time range (all P < 0.05).
Reaction times as a function of cue-target interval within the initial 800 ms after cue onset showed a remarkably high correlation with SSVEP amplitudes. For the attended stimulus, higher amplitudes were related to faster responses (average correlation r = −0.764; 95% confidence interval: −0.623 to −0.857). For the ignored stimulus, lower amplitudes were related to faster responses (average correlation r = 0.599; 95% CI: 0.160-0.840). Accordingly, higher values of selectivity were related to faster responses (average correlation r = −0.798; 95% CI: −0.621 to −0.898). Total activity showed no significant correlation with reaction times (mean: 0.014; 95% CI: −0.418-0.441).
Cortical sources of SSVEPs were localized by means of variable resolution electromagnetic tomography (18) and statistically compared between attentional conditions for the time range from 200 to 1,500 ms after the cue. Maximum attentional modulations were observed in the posterior medial occipital cortex, a region containing the early visual areas V1, V2, and V3 (Fig. 1D) .
Discussion
In the present study, we used the steady-state stimulation technique that uniquely allowed us to investigate the temporal neural dynamics of feature-selective attentional shifting in early visual processing areas. In line with the idea of visual processing being a limited resource for spatially overlapping stimuli, we observed both enhancement of the attended and suppression of the unattended stimulus. However, shifting attention to either the red or the blue of two spatially overlapping RDKs was linked to a biphasic process. Beginning around 220 ms after color cue onset, the SSVEP amplitude to the to-be-attended RDK was significantly increased compared with a precue baseline. This initial amplification was followed by a significant amplitude reduction compared with a precue baseline of the to-be-ignored RDK roughly 360 ms after the cue. In agreement with our previous studies with similar stimulus designs (14-16), the cortical currents giving rise to the SSVEP attention effect were localized to a region containing the early visual areas V1-V3. Maximum behavioral performance, as reflected in fastest reaction times, was reached in a time bin from 286 to 429 ms after the cue. This bin overlaps the intersection of time segments of significant amplitude amplification and suppression. As a result, we found significant correlations between the time course of behavioral data and both amplitude augmentation and suppression within the first 800 ms after cue onset.
Interestingly, the time course of total activity (the mean of attended and unattended SSVEP amplitude) was not correlated with the time course of reaction times; i.e., behavioral variability was not explained by these deviations. On the contrary, selectivity (the difference between attended and unattended SSVEP amplitude) showed significant correlations with the temporal changes in reaction times. Hence, behavioral performance in our experiment was best explained by the relative difference in processing between attended and unattended stimuli rather than by absolute changes in processing in relation to baseline. Such an account is analogous to signal detection theory (19) , in which observer performance is a function of the relative difference between signal (here, attended stimulus) and noise (here, unattended stimulus).
Enhancement and suppression during attentional shifts was measured relative to a precue baseline. If, rather than being in a neutral attentional state, participants directed attention to either the red or the blue RDK during the baseline interval before the cue on the basis of some arbitrary strategy, then attention would only have to be switched to the other color on half the trials, and attention to the same RDK could be maintained on the other half of the trials. If this were the case, the observed suppression of the unattended stimulus relative to baseline could be explained even by a purely facilitatory attentional mechanism. An arbitrary selection during baseline would lead to higher SSVEP amplitudes driven by the red and to lower amplitudes for the blue RDK in some trials and vice versa in others, thereby causing a negative correlation of SSVEP amplitudes over trials. This correlation, however, did not differ significantly from zero (SI Text), thereby ruling out such an alternative explanation (see also ref. 14 for a similar approach). Our findings of an early enhancement of an attended stimulus that preceded suppression of the unattended stimulus by roughly 130 ms is in surprisingly good accord with recent results from electrophysiological recordings in areas FEF and V4 in monkeys (20) . In that case, an increase of firing rates to an attended stimulus was followed by a reduction of firing rates to an unattended stimulus (see figure 1 A and B in ref. 20) . As in the present experiment, shifts of attention were also cued by a color change at fixation, but because stimuli were spatially separated, it is likely that both feature-selective and spatial attentional mechanisms were involved in that study. As explained in the Introduction, the spatial separation of stimuli is also a likely explanation of why suppression effects in that study were less pronounced compared with our results.
Attention to a feature can suppress responses of neurons across the visual field tuned to the opposite feature value, as has been shown for attention to direction of motion (21) . In that experiment, the magnitude of both enhancement and suppression was linearly related to the difference in degrees between the attended motion direction and the neuron's preferred direction, with no modulation for stimuli moving in the orthogonal direction. This finding was predicted by the "feature-similarity gain model" (22, 23) , according to which both the enhancement and suppression observed by Martinez-Trujillo and Treue (21) are due to a unitary gain mechanism. Such an explanation, however, cannot account for the patterns of suppression and enhancement observed in the present study because here both phenomena are clearly temporally dissociated (see SI Text for further evidence). Hence, it is likely either that attentional selection of color differs from attentional selection of motion direction or that the colors presented here are orthogonal in respect to attentional selection.
The biphasic time course of our index of total activity indicates two different neural mechanisms. Enhancement of attended stimuli has previously been described by a sensory gain mechanism (22) (23) (24) , which increases the signal strength of the attended stimulus in early visual areas. Suppressive effects of multiple concurrently presented stimuli, on the other hand, have been investigated mainly in the framework of the "biased competition model" (10) . According to this model, stimuli falling within the same receptive field compete for neural representation via mutual inhibition. This competition can be biased by directing attention to one or the other stimulus. In this case, the neuron's response approaches the response when the attended stimulus is presented alone. The closely intermingled dots used for stimulation in the present experiment are ideally suited to trigger strong competition. It has previously been suggested that the gain mechanism operates at a level of visual processing earlier than where competitive stimulus interactions mainly occur (25) . If this were the case, enhancement of the attended stimulus in early visual areas with small receptive fields would propagate to later areas in the visual stream. The strong competition between both stimuli occurring here due to the larger receptive fields would lead to a suppression of the unattended stimulus, which then is propagated back to early visual areas with a significant delay, as observed in our data. In accord with this putative causal explanation, analysis revealed that trials with stronger suppression also showed stronger enhancement before, but not during or after, the suppression as compared with trials with weak suppression (SI Text).
As we have argued in previous studies using similar stimulations and tasks (15, 16) , tracking of individual dots, surface-based attention, or an attentional selection of flicker frequencies rather than color cannot explain our results alternatively. Previous ERP studies on feature selection have typically found the earliest modulations of stimulus processing in the form of a selection negativity beginning around 170 ms post stimulus onset (cf 26, 27) . In these cases, the tobe-attended color was known before stimulus onset; i.e., these times supposedly do not involve the time required to interpret the cue and to shift attention. By comparison, the observed modulation of SSVEP amplitudes beginning at 220 ms postcue in the present experiment seems very early. A solution to this seeming discrepancy was offered by a recent study by Zhang and Luck (28) . This study found that the processing of a probe stimulus can be modulated by feature-selective attention as early as 100 ms after stimulus onset if stimuli are concurrently presented and directly compete for processing resources, as was the case in the present study. In conclusion, we show a previously undescribed time course of resource allocation in feature-selective attentional shifting with cospatial color stimuli. We observed both a transient enhancement of the attended feature and a delayed sustained suppression of the unattended feature. This pattern of results can possibly be explained by the combined effects of a sensory gain mechanism biasing the competition between the overlapping stimuli, which then leads to a suppression of the unattended stimulus. Although these results mainly are in line with the idea of visual processing at a shared spatial location being a limited resource, enhancement and suppression were not exactly reciprocal. Our index of total activation showed significant deviations from baseline. However, these deviations did not explain behavioral performance, which was closely related to a measure of selective processing.
Methods
Subjects and EEG Recording. Brain electrical activity was recorded noninvasively from 20 subjects with normal color perception and normal or corrected-tonormal visual acuity (14 female, 3 left-handed, age range 15-29) from 128 Ag/ AgCl electrodes mounted in an elastic cap at a sampling rate of 256 Hz using an ActiveTwo amplifier system (BioSemi). Lateral eye movements were monitored with a bipolar outer canthus montage (horizontal electroocculogram). Vertical eye movements and blinks were monitored with a bipolar montage positioned below and above the right eye (vertical electroocculogram). All subjects gave informed consent. The study was approved by the local ethics committee. Four participants were excluded from final analysis: two because SSVEP amplitudes were barely above noise level for one or both frequencies, one due to excessive α-activity, and another because of over 50% rejected trials with artifacts.
Stimuli and Task. Two completely overlapping circular RDKs of different color (red and blue) were presented (see Fig. 1A ) on a 19-inch monitor at a resolution of 640 × 400 pixels and 8 bits per pixel color mode viewed at a distance of 80 cm. Each RDK flickered always at a specific frequency (red: 11.98 Hz; blue: 16.77 Hz), thereby eliciting distinguishable SSVEPs. All stimulation was synchronized to the screen refresh rate of 83.86 Hz. The RDKs had a diameter of 10.37°of visual angle, and each consisted of 125 randomly and independently moving dots. Each single dot had a size of 0.244°× 0.292°and moved 0.041°in a random direction every frame of screen refresh. To prevent systematic overlapping of dots of different colors, which might induce a depth cue, all dots were drawn in random order. Luminance of the red and blue dots was individually equated to the luminance of the gray background (5.8 cd/m 2 ) by means of heterochromatic flicker photometry. Each trial started with simultaneous onset of the RDKs with a white fixation cross at the center. After 1,250 ms, the fixation cross changed either to red or blue (color cue), indicating that the RDK had to be attended and stimulation continued for another 2,000 ms, followed by an intertrial of 1,700 ms in which only the gray background was presented.
From cue onset to 1,595 ms, brief intervals (298 ms) of coherent motion in any ofthefourcardinaldirectionscouldappearintheattended(target)orunattended RDK (distractor). Coherence of motion was set to 75% to prevent tracking of individual dots. Any combination of up to two targets or distractors could appear within a single trial, with onsets separated by at least 750 ms. Participants were instructed to attend to the color indicated by the central fixation cross without shifting gaze and to push a button upon detection of coherent motion targets while ignoring corresponding distractors. Only motor responses occurring between 300 and 1,000 ms after target onset were considered as correct.
Overall, 240 attend red and 240 attend blue trials were presented in randomized order. Coherent motion events were present in 50% of trials. Occurrence of one or two events was equally distributed. This resulted in a total of 90 targets and 90 distractors for attend red and blue, respectively. To allow examination of the time course of behavioral responses after cue onset, coherent motion events were equally distributed over 45 time bins, 36 ms each across all trials, resulting in 2 targets and 2 distractors per bin for attend to red and blue, respectively, per subject. After each block of 60 trials, subjects received feedback on their performance. Data Analysis. Behavioral data. Hit and false alarm rates integrated over all time bins were used to calculate sensitivity d′. To keep analysis of the time course of reaction times (RTs) as a function of the cue-target interval comparable to our previous study (6) and to increase the amount of target events per analysis window, we averaged RTs across 4 successive 36-ms bins across red and blue RDKs, resulting in 11 sequential bins of 143 ms each. These bins were compared by means of paired t tests to determine the point at which maximal performance was reached. Within-subjects confidence intervals were calculated by subtracting individual mean RTs over all bins. EEG data. Only trials without targets or distractors were considered for EEG analysis to ensure that selective attention was based on color only, with no interference from coherent motion. Epochs starting 700 ms before and lasting until 1,800 ms after cue onset were extracted and any linear trend was subtracted. Epochs containing blinks or eye movements were rejected from further analysis. For the remaining trials, the "statistical control of artifacts in dense array EEG/MEG studies" was performed (29) . This procedure uses a combination of trial exclusion and channel approximation based on statistical parameters of the data. Trials with more than 12 contaminated electrodes were excluded from further analysis, resulting in an average rejection rate of 25.0%. Subsequently, data were rereferenced to average reference and averaged for each experimental condition.
To determine the appropriate electrode cluster for analysis, iso-contour voltage maps of the 11.98 Hz (red) and 16.77 Hz (blue) SSVEP amplitudes were calculated by means of Fourier transformation of a long time window from 300 ms before to 1,500 ms after cue onset and subsequently averaged for both attentional conditions (see Fig. 1B ). As in our previous studies with similar displays (14-16), SSVEP amplitudes were maximal at occipital electrodes around Oz. Thus, SSVEP analyses were based on the averaged amplitude of three electrodes centered around electrode Oz.
The time course of base-to-peak SSVEP amplitudes was quantified by means of a Gabor filter (30) at the respective center frequency. Both filters had an equal frequency resolution of ±1.60 Hz FWHM, resulting in a time resolution of ±138 ms FWHM. Given nearly identical time courses of SSVEP amplitudes for red and blue dots, we collapsed data across both frequencies after normalization (14, 15) . Normalization was performed by dividing the amplitudes for each data point by the averaged amplitude of a baseline from −300 to −200 ms before the cue. Subsequently, the same baseline was subtracted. Note that all references to time points of SSVEP amplitudes refer to the Gabor-filtered data and therefore are subject to the temporal smearing of the filter (±138 ms). For statistical analysis of SSVEP amplitude time courses, two-tailed t tests against zero were performed for each sample point in the time range from cue onset to 1,500 ms after the cue. Onset of amplitude enhancement or suppression was defined as the first significant (α = 0.05) sampling point within an interval of at least 10 consecutive significant sampling points. Time courses for "selectivity" and "total activity" were calculated by subtracting or adding the time courses of SSVEP amplitudes for attended and unattended stimuli, respectively. These were then subjected to the same statistical tests as described above. Correlation of reaction time and SSVEP-amplitude time courses. We correlated the time course of RTs with the time courses of SSVEP amplitudes over a time window from cue onset to 800 ms postcue to test the relation between these measures. This time window was chosen because later time windows showed only little variation in reaction times. For each sampling point of the SSVEP signal, a corresponding reaction time was estimated with a Nadaraya-Watson kernel smoothing regression (31, 32) performed on the reaction time data and having the same temporal resolution (138 ms) as the SSVEP-analysis Gabor filter. The resulting time course was averaged across both stimuli and then correlated over sampling points with the time course of SSVEP amplitudes for attended and unattended conditions and for selectivity and total activity, respectively. Group average correlations and 95% confidence intervals were calculated by transforming correlations to Fisher's z before averaging across subjects and subjecting the results to the inverse transformation.
